Abstract: Seaweeds are regarded as one of the valuable coastal resources because of their usage in human 9
Introduction 23
Benthic maps are significant for management, research, and planning of marine resources. The in-situ 24 sampling is a traditional technique to map benthic habitats, but there exist limitations as more time, and 25 financial resources are required to cover larger spatial areas. Satellite remote sensing is a practical solution 26
for the mapping of the marine environment. Satellite remote sensing is very useful for providing timely 27 and updated information for monitoring high spatial and temporal variations of coastal resources 28 including seaweed stocks [1] . For thematic mapping, habitats are defined as spatially distinct areas where 29 the physical, chemical, and biological characteristics are distinctively different from nearby regions [2] .
30
Seventy different classes and twenty-seven different categories of seaweed are reported from the coastal 31 areas of Pakistan [3] . Ulva fasiata, Chondria tennussima, Sargassum spp, and Valoniopsis pachynema are 32 the most richly found species of seaweeds in this region. 33
Mapping seaweed resources using conventional methods are capital intensive and time-consuming. 34
Remote sensing (RS) is a useful tool for observing benthic habitats such as submerged aquatic vegetation 35 (SAV), benthic algae, and coral-reef ecosystems. Numerous researchers have tested airborne and 36 spaceborne sensor systems for marine studies [4] . Therefore, the present study was undertaken with the 37 following objective: To map seaweed resources along Karachi coast using Remote sensing (RS) and 38 geographical information system (GIS) techniques. 39
Material and methods 40

Study area and satellite data 41
Seaweed resources in Pakistan are still unmapped. The need to preserve and map seaweed sites in the 42 country can be appreciated by realizing the importance of these precious coastal resources. The study sites 43 for the present work are located offshore Hawks bay beach along Sindh coast ( Figure 1 ). These sites were 44 selected through preliminary surveys. Layer stack of all Landsat 8 bands, except coastal/aerosol and thermal band is done followed by 64 extraction of the region under study. Digital numbers (DN) represents the pixel values of satellite images 65 that need to be converted into reflectance values. For this purpose, first, radiance (Lλ) was calculated 66 using DN (Equation 1). Next, the radiance image was converted into a reflectance image (Equation 2). 67 Scientists describe that the variations of spectral signatures in reflected and absorbed electromagnetic 104 radiation at different wavelengths help to identify specific objects, such that the extent of reflectance and 105 absorption depend on the wavelength of electromagnetic radiation for any specified object [11] . Each 106 substrate has a different spectral signature that can be helpful to differentiate it from others and this 107 technique is applicable also in the benthic environment [12] . Spectral characteristics of mangroves, water, 108 and seaweed sites in Landsat 8 image were examined and their spectral signatures were mapped ( Figure  109 3). The spectral signatures show meaningful peaks in NIR and SWIR bands (Bands 5 and 6 of Landsat 8 110 image) at seaweed locations differentiating water and seaweed pixels. For seaweed pixels, the high peak 111 was observed in NIR band (Band5), whereas, the lowest peak was in the SWIR (Band6) region of the 112 electromagnetic spectrum. Similar to the algorithms used in all other normalized difference indices, these 113 two bands are used to develop a new index for seaweed as presented in Equation 6. It is important to note 114 that a similar trend exists for mangrove as well, and therefore, it is necessary to either mask/remove 115 mangrove area from the study area to avoid misinterpretation of mangrove pixels as seaweed or carefully 116 examine the range of SEI to differentiate between the two substrate categories. 117 
Reclassification 121
Raster images of NDVI, FAI, and SEI were converted into vector data using GIS software. The seaweed 122 class was extracted from each raster. The groups classified as seaweed in all images are used to estimate 123 seaweed area in square kilometer along the Karachi coast. 124
Validation of Seaweed Enhancing Index (SEI) 125
The seaweed sites were identified through field surveys and recorded as GPS points. The overlay of 126 GPS points on satellite imagery helped to capture the spectral signature of seaweed and develop SEI index.
127
To test the applicability of the new index, SEI is used on another site with confirmed seaweed patches.
128
Santa Barbara coast, Central California ( Figure 9 ) was chosen for this purpose. NASA earth observatory 129 article verified seaweed locations with field pictures along Central California coast [13, 14] . SEI successfully 130 mapped seaweed along the Santa Barbara coast ( Figure 10) . 131
Results and discussions 132
FAI is a good indicator for enhancing phytoplankton bloom and seaweed resources, and it separated 133 algae and water pixel. FAI water pixel values ranged from -0.46 to 0.49 as shown in (Figure 4) , whereas, the 134 pixel values for the seaweed area range between 0.09 and 0.01. Maximum and Minimum values of water 135 pixels were 0.01 and -0.46, respectively. The mangrove class range was 0.09 to 0.39 as shown in (Table 1) . 136
Normalized difference vegetation index has been applied to the same image. NDVI values range from 137 -1 to +1 as shown in (Figure 5 ). The maximum value of seaweed pixel was 0.16, and the minimum value 138 was 0.11. Maximum and minimum water pixel values were 0.011 and -0.1 and mangrove class range was 139 0.16 to 0.37, respectively, as shown in Table 2 . map floating algae but ranges of NDVI of the algae are sensitive to the environment, and these conditions 147 create complications in visual interpretation analysis. Besides NDVI and FAI, a need for a better index was 148 felt that can also identify submerged seaweed patches. 149 150 Figure 5 . NDVI ranging from -1 to 1 (A circle is drawn around the Seaweed Patches) 151 Figure. 3). Based on these two bands a new index was developed for 156 extracting seaweed patches. The newly developed seaweed enhancing index (SEI), showed enhanced larger 157 areas of seaweed resources as compared to NDVI and FAI as shown in (Figure 6 ). SEI for seaweed pixels 158 has a value range from 0.011 to 0.16. Maximum and minimum values of the water pixels range from 0.011 159 to -1, whereas, the mangrove pixel values range from 0.16 to 0.374 as presented in Table 3 . This newly 160 developed index was found better than FAI and NDVI by extracting submerged patches in addition to 161 surface floating seaweeds. 162 163 Figure 6 . SEI with Values Ranging from -1 to 1 (A Circle is drawn to highlight Seaweed Patches) 164 Finally, GIS tools were applied to FAI, NDVI, and SEI images to classify seaweed area into low, medium, 166 and, dense seaweed classes ( Figure. 7) . Area of each seaweed class was estimated. In Figure 7 , red color 167 shows low, blue shows medium and green indicates dense seaweed areas. 168
In FAI image, low, medium, and high seaweed areas are 0.4473 km 2 , 0.1728 km 2 , and 0.045 km 2 , 169 respectively. In NDVI image, low, medium, and high seaweed areas were found to be 0.4545 km 2 , 0.198 170 km 2 , and 0.0603 km 2 , respectively. In SEI image, the coverage of low, medium, and high seaweed area is 171 1.0962 km 2 , 0.392 km 2 , and 0.1296 km 2 , respectively. Figure 8 shows a graphical representation of area 172 estimation. 173 For validation of the SEI index, the same technique was applied on the California coast, the USA 178 with confirmed seaweed locations ( Figure 9 ). Landsat 8 data, dated December 14, 2013, of the site, were 179 acquired for this purpose. The spectral signature of mangrove, seaweed, and water class were taken as 180 shown in (Figure 10 ). 181 Acknowledgments: We, the authors, are grateful to the Centre of Excellence in Marine Biology, the 212 University of Karachi for arranging collaborative field survey. We would also like to acknowledge NASA 213
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